Ecogeographical rules and the macroecology of food webs by Baiser, Benjamin et al.
1204  |   wileyonlinelibrary.com/journal/geb Global Ecol Biogeogr. 2019;28:1204–1218.© 2019 John Wiley & Sons Ltd
 
Received: 31 May 2018  |  Revised: 4 March 2019  |  Accepted: 13 March 2019
DOI: 10.1111/geb.12925  
C O N C E P T  P A P E R
Ecogeographical rules and the macroecology of food webs
Benjamin Baiser1  |   Dominique Gravel2 |   Alyssa R. Cirtwill3 |   Jennifer A. Dunne4 |   
Ashkaan K. Fahimipour5 |   Luis J. Gilarranz6 |   Joshua A. Grochow7,8  |   Daijiang Li1  |   
Neo D. Martinez9 |   Alicia McGrew1,10 |   Timothée Poisot11  |   Tamara N. Romanuk12 |   
Daniel B. Stouffer13 |   Lauren B. Trotta1 |   Fernanda S. Valdovinos14 |    
Richard J. Williams15 |   Spencer A. Wood16,17 |   Justin D. Yeakel4,18
1Department of Wildlife Ecology and Conservation, University of Florida, Gainesville, Florida
2Département de biologie, Canada Research Chair in Integrative Ecology, Université de Sherbrooke, Sherbrooke, Quebec, Canada
3Department of Physics, Chemistry and Biology (IFM), Linköping University, Linköping, Sweden
4Santa Fe Institute, Santa Fe, New Mexico
5Institute of Ecology and Evolution, University of Oregon, Eugene, Oregon
6Department of Aquatic Ecology, Eawag: Swiss Federal Institute of Aquatic Science and Technology, Dübendorf, Switzerland
7Department of Computer Science, University of Colorado Boulder, Boulder, Colorado
8Department of Mathematics, University of Colorado Boulder, Boulder, Colorado
9Ecology and Evolutionary Biology Department, University of Arizona, Tucson, Arizona
10School of Natural Resources and the Environment, University of Florida, Gainesville, Florida
11Département des Sciences Biologiques, Université de Montréal, Montréal, Quebec, Canada
12Department of Biology, Dalhousie University, Halifax, Nova Scotia, Canada
13Centre for Integrative Ecology, School of Biological Sciences, University of Canterbury, Christchurch, New Zealand
14Department of Ecology and Evolutionary Biology and the Center for the Study of Complex Systems, University of Michigan, Ann Arbor, Michigan
15Vibrant Data Inc, San Francisco, California
16School of Environmental and Forest Sciences, University of Washington, Seattle, Washington
17eScience Institute, University of Washington, Seattle, Washington
18School of Natural Sciences, University of California, Merced, Merced, California
Correspondence
Benjamin Baiser, Department of Wildlife 
Ecology and Conservation, University of 
Florida, 110 Newins‐Ziegler Hall, PO Box 
110430, Gainesville, FL 32611‐0430.
Email: bbaiser@ufl.edu
Funding information
Directorate for Biological Sciences, Grant/
Award Number: ABI #1458034 ; Betsy and 




Aim: How do factors such as space, time, climate and other ecological drivers influ‐
ence food web structure and dynamics? Collections of well‐studied food webs and 
replicate food webs from the same system that span biogeographical and ecological 
gradients now enable detailed, quantitative investigation of such questions and help 
integrate food web ecology and macroecology. Here, we integrate macroecology and 
food web ecology by focusing on how ecogeographical rules [the latitudinal diversity 
gradient (LDG), Bergmann's rule, the island rule and Rapoport's rule] are associated 
with the architecture of food webs.
Location: Global.
Time period: Current.
Major taxa studied: All taxa.
Methods: We discuss the implications of each ecogeographical rule for food webs, 
present predictions for how food web structure will vary with each rule, assess 
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1  | INTRODUC TION
Most food web research has emphasized individual datasets com‐
piled for a particular location as a means of investigating the organi‐
zation and dynamics of various taxa interacting within communities. 
This long‐standing approach has led to detailed understanding of 
the structure and dynamics of specific systems (e.g., Boit, Martinez, 
Williams, & Gaedke, 2012; Hall & Raffaelli, 1991; Martinez, 1991; 
Polis, 1991). In addition, comparisons across well‐studied food 
webs revealed generalities in their structure (e.g., Cohen, Briand, & 
Newman, 1990; Dunne, Labandeira, & Williams, 2014; Pimm, 1982; 
Riede et al., 2010; Stouffer, Camacho, Guimera, Ng, & Nunes Amaral, 
2005; Williams & Martinez, 2000) and prompted investigations of 
different aspects of food web dynamics such as robustness (Dunne, 
Williams, & Martinez, 2002; Staniczenko, Lewis, Jones, & Reed‐
Tsochas, 2010), persistence (Otto, Rall, & Brose, 2007; Sahasrabudhe 
& Motter, 2011) and stability (Allesina et al., 2015). As more well‐re‐
solved empirical food webs become available, expanding food web 
ecology to include macroecologically inspired spatial or temporal 
gradients is emerging as a key research agenda (Gilarranz, Mora, & 
Bascompte, 2016; Tylianakis & Morris, 2017).
Collections of well‐studied food webs and replicate food webs 
of the same system allow detailed investigation of how factors such 
as space, time, climate and other ecological drivers influence and in‐
teract with food web structure, dynamics and stability. For example, 
dozens of small mangrove islet food webs, compiled from a classic 
island biogeography experiment on recolonization following de‐
faunation (Simberloff & Wilson, 1969), were used to show that the 
proportion of specialists increased through time while the propor‐
tion of generalists and connectance decreased (Piechnik, Lawler, & 
Martinez, 2008). Similarly, hundreds of intertidal food webs from a 
small North Pacific archipelago sampled at different spatial scales 
revealed that connectance decreases with spatial scale of sampling 
while species richness increases (Wood, Russell, Hanson, Williams, 
& Dunne, 2015). A third example showed that across hundreds of 
pitcher plant food webs, at sites stretching from Florida to Canada, 
network structure is more variable at lower latitudes (Baiser, Gotelli, 
Buckley, Miller, & Ellison, 2012).
In addition to revealing novel patterns and processes, network 
data across broad spatial scales and gradients lend themselves to 
re‐examining more classical lines of ecological research (Kissling & 
Schleuning, 2015). One potentially fertile area of research lies in in‐
tegrating food web ecology and macroecology. While researchers 
have approached macroecology from many perspectives (Blackburn 
& Gaston, 2006), a stalwart approach is to develop and test ecogeo‐
graphical “rules” that describe scaling relationships in species' diver‐
sity (e.g., Pianka, 1966), range sizes (e.g., Stevens, 1989,1992) or body 
masses (e.g., Bergmann, 1847) across abiotic or geospatial gradients. 
The study of ecogeographical rules has experienced a resurgence 
over the last decade due to the increase in available data and insights 
empirical support where available, and discuss how food webs may influence ecogeo‐
graphical rules. Finally, we recommend systems and approaches for further advancing 
this research agenda.
Results: We derived testable predictions for some ecogeographical rules (e.g. LDG, 
Rapoport's rule), while for others (e.g., Bergmann's and island rules) it is less clear how 
we would expect food webs to change over macroecological scales. Based on the 
LDG, we found weak support for both positive and negative relationships between 
food chain length and latitude and for increased generality and linkage density at 
higher latitudes. Based on Rapoport's rule, we found support for the prediction that 
species turnover in food webs is inversely related to latitude.
Main conclusions: The macroecology of food webs goes beyond traditional ap‐
proaches to biodiversity at macroecological scales by focusing on trophic interactions 
among species. The collection of food web data for different types of ecosystems 
across biogeographical gradients is key to advance this research agenda. Further, 
considering food web interactions as a selection pressure that drives or disrupts eco‐
geographical rules has the potential to address both mechanisms of and deviations 
from these macroecological relationships. For these reasons, further integration of 
macroecology and food webs will help ecologists better understand the assembly, 
maintenance and change of ecosystems across space and time.
K E Y W O R D S
Bergmann's rule, ecogeographical rules, ecological networks, food webs, island rule, latitudinal 
diversity gradient, macroecology, Rapoport's rule
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from studying species invasion (Lomolino, Sax, Riddle, & Brown, 
2006; Mathys & Lockwood, 2009) and global change (Gardner, 
Peters, Kearney, Joseph, & Heinsohn, 2011; Millien et al., 2006) at 
macroecological scales. We posit that ecogeographical rules also 
play a key role in understanding variation in food web structure at 
macroecological scales and vice versa. Changes in abundance, body 
size and range size described by ecogeographical rules may con‐
strain trophic interactions and influence the structure and dynamics 
of food webs along biogeographical gradients. On the other hand, 
food web interactions may also influence the expression of ecogeo‐
graphical rules either by amplifying them and making relationships 
stronger or by subverting them and making relationships weaker for 
certain taxa or regions. Knowledge of feedbacks between ecogeo‐
graphical rules and the structure of food webs is a vital first step to 
studying ecological networks across large spatial scales.
Here, we integrate macroecology and food web ecology by ex‐
ploring a subset of ecogeographical rules (Table 1) and their con‐
nections to food webs: (a) the latitudinal diversity gradient (LDG): 
the increase in species richness from the poles to the equator, (b) 
Bergmann's rule: the increase in body size with decreasing tem‐
perature, (c) the island rule: the increase in size of small species and 
decrease in size of large species on islands, and (d) Rapoport's rule: 
larger species ranges at high latitudes. We describe each rule, dis‐
cuss their implications for food webs, present heuristic predictions 
for how food web structure will vary with each rule, and assess em‐
pirical support for these predictions where available (Table 2).
2  | THE L ATITUDINAL DIVERSIT Y 
GR ADIENT
The most well‐known, oldest and perhaps most influential macro‐
ecological rule is the LDG of increasing species richness from the 
poles to the tropics (Brown, 2014; Darwin, 1859; Dobzhansky, 1950; 
Mittelbach et al., 2007; Pianka, 1966; Rohde, 1992; Wallace, 1878). 
Hypothesized mechanisms for the LDG are abundant, often non‐ex‐
clusive, and difficult to test (Brown, 2014; Pianka, 1966; Rohde, 1992). 
Prominent explanations for the LDG build on purported differences 
between the tropics and other regions, suggesting that higher species 
richness in the tropics may be due to greater productivity (Currie, 
1991; Hutchinson, 1959), higher rate of origination (e.g., “out of the 
tropics” concept; Jablonski, Roy, & Valentine, 2006), phylogenetic 
niche conservatism (Wiens & Graham, 2005), and rapid evolution and 
speciation due to either temperature (Brown, 2014; Rohde, 1992) or 
stronger biotic interactions (Dobzhansky, 1950; Schemske, 2002).
Gradients in species richness also play a central role in our un‐
derstanding of food web structure (Dunne, 2005; Pimm, Lawton, 
& Cohen, 1991). For example, increased species richness often de‐
creases the fraction of species at top and basal trophic levels while 
increasing the fractions of intermediate species and links per spe‐
cies (Martinez, 1991,1994) as well as affecting practically all other 
properties of food web architecture (Vermaat, Dunne, & Gilbert, 
2009; Williams & Martinez, 2000). Such food web patterns should 
also apply to changes in species richness along the LDG specifically. 
While explanations for the LDG imply changes in food web structure 
with latitude, explicit exploration of such changes has begun only 
recently (Baiser et al., 2012; Cirtwill, Stouffer, & Romanuk, 2015).
2.1 | Predictions for food web structure based on 
LDG hypotheses
2.1.1 | LDG, productivity, and food chain length
One of the more prominent LDG hypotheses asserts that greater 
productivity at low latitudes is responsible for the LDG (Currie, 1991; 
Pianka, 1966; Storch, Bohdalková, & Okie, 2018). Relationships be‐
tween productivity and food chain length (FCL) have also been doc‐
umented in both natural and experimental systems (Kaunzinger & 
Morin, 1998; Post, 2002; Takimoto & Post, 2013; Ward & McCann, 
2017). Different mechanisms underlying productivity–FCL relation‐
ships lead to different predictions about how FCL changes with lati‐
tude. One mechanism by which FCL can increase is simply through 
a sampling effect (Huston, 1997) where high species richness in 
productive regions increases the probability that a food web will 
contain a top predator or consumer that can elongate FCL. A mecha‐
nism based on energy flow posits that low productivity, coupled with 
inefficient energy transfer across trophic levels, sets limits on how 
much energy can reach top trophic levels and as a result, can limit 
TA B L E  1   Summary of ecogeographical rules used to explore food web structure
Rule Description Focal response Hypothesized drivers Focal taxa
Latitudinal diversity 
gradient (LDG)
Increase in species richness from the 
poles to the equator




Bergmann's rule Increase in body size with decreasing 
temperature
Body size Temperature, productivity, 
starvation tolerance
Mammals and birds, but 
tested across many taxa
Island rule Increase in size of small species and 
decrease in size of large species on 
islands
Body size Competition, predation, 
resource subsidies
Vertebrates
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FCL (Fretwell & Barach, 1977; Hutchinson, 1959; Lindeman, 1942). 
Both the sampling effect and flow‐based mechanisms predict longer FCL 
at lower latitudes. However, consideration of the effects of omnivory 
on energy flow may reverse these predictions. High productivity 
food webs may increase the biomass of high‐trophic‐level predators 
that reduce consumer abundance forcing such predators to also feed 
on lower trophic levels effectively reducing FCL (Tunney, McCann, 
Lester, & Shuter, 2012; Ward & McCann, 2017). Such considerations 
predict that FCL is shorter in highly productive (i.e., at lower latitudes) 
ecosystems because of increased omnivory.
We explored how FCL (measured as mean FCL, averaged over all 
species) varied across latitudinal gradients in six ecosystems, based on 
164 food webs from lake, estuary, stream, marine and terrestrial en‐
vironments globally (compiled in Cirtwill et al., 2015) and 780 pitcher 
plant food webs from 39 sites across North America (Baiser et al., 
2012). We found significantly longer FCL at higher latitudes for lake 
food webs (Figure 1) and a significant decrease in FCL with latitude 
for pitcher plant food webs (Figure 1). However, latitude describes 
a small proportion of variation in FCL in both cases (R2 = 0.07 and 
0.02, respectively). FCL for food webs in estuaries, marine systems, 
streams and in terrestrial systems showed no relationship with latitude 
(Figure 1). Our empirical results corroborate those of Vander Zanden 
and Fetzer (2007), who used stable isotopes to show that streams and 
lakes had a trend (non‐significant) of increasing FCL with latitude, while 
marine ecosystems showed no relationship between latitude and FCL.
All but one of the empirical ecosystems explored here and in 
Vander Zanden and Fetzer (2007) are aquatic and latitude is a coarse 
indicator of productivity in freshwater ecosystems (Kalff, 2002). 
Further, recent theoretical and empirical work has shown that the 
influence of productivity on FCL in aquatic systems is contingent on 
ecosystem size (Post, 2002; Tunney et al., 2012; Ward & McCann, 
2017), disturbance (Sabo, Finlay, Kennedy, & Post, 2010), and assem‐
bly history (Post, 2002). As a result, there may be large differences 
in FCL in aquatic ecosystems within a given latitude due to variation 
in ecosystem size, nutrient inputs, and disturbance (e.g., Tunney et 
al., 2012). One possibility is that regional species pools may show 
latitudinal gradients in FCL but, as species filter into local food webs, 
interactions between ecosystem size, productivity, and assembly 
Rule Prediction Empirical support
LDG Longer FCL at lower 
latitudes
‐ No evidence across five types of ecosystems
‐ No evidence in stream, lake and marine systems 
(Vander Zanden & Fetzer, 2007)
‐ Weak evidence in pitcher plant food webs
LDG Shorter FCL at lower 
latitudes
‐ Evidence in lakes
‐ Non‐significant trends in streams and lakes 
(Vander Zanden & Fetzer, 2007)
LDG Linkage density, generality 
and vulnerability should 
increase with latitude
‐ No evidence in pitcher plant food webs
‐ Generality increased toward the poles in lake 
and stream food webs (Cirtwill et al., 2015)
‐ Linkage density and vulnerability showed no 
relationship with latitude across five ecosystem 
types (Cirtwill et al., 2015)
‐ Linkage density of host–parasitoid interactions 
peaks in colder climates (Gravel et al., 2019)
Rapoport's aAt low latitudes, we expect 
high species turnover and 
little to no interaction 
turnover
‐ Confirmed in pitcher plant food webs
Rapoport's aAt high latitudes, food 
webs should show low 
species turnover and high 
interaction turnover
‐ Confirmed in pitcher plant food webs
Rapoport's High‐latitude webs will have 
greater interaction turno‐
ver than low‐latitude webs
None available
Rule Prediction Potential approaches
Bergmann's None made Compare predator–prey biomass ratios across 
latitude or temperature
Island None made Compare predator–prey biomass ratios between 
island and mainland systems
FCL = food chain length; LDG = latitudinal diversity gradient.
aWe were only able to test the portion of the prediction that is bold for Rapoport's rule given our 
data. 
TA B L E  2   Predictions and empirical 
support for ecogeographical rules and 
food web structure. For rules that 
precluded predictions (Bergmann's and 
island rules), we put forth approaches to 
explore the relationship between these 
ecogeographical rules and food webs. If 
no citation is given for empirical support, 
the results are included in this paper
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history govern FCL and ultimately obscure any local‐scale latitudinal 
patterns.
2.1.2 | LDG, niche breadth, and connectance
One hypothesis for the LDG is that species in the tropics are more 
specialized relative to temperate species, allowing greater packing 
along niche axes (MacArthur, 1972). Narrow niches in the tropics 
may be due to a more stable climate (MacArthur, 1972), stronger 
biotic interactions (Dobzhansky, 1950; Schemske, 2002), and faster 
speciation coupled with niche conservatism (Brown, 2014). Several 
studies have found support for this hypothesis (e.g., Dyer et al., 2007; 
Krasnov, Shenbrot, Khokhlova, Mouillot, & Poulin, 2008; Salisbury, 
Seddon, Cooney, & Tobias, 2012; but see Vázquez & Stevens, 2004). 
If niches are narrower and species exhibit more specialism in the 
tropics, tropical species should on average have fewer prey and 
fewer predators than their temperate counterparts. At the network 
level, the consequence would be fewer total links (linkage density), 
prey (generality) and predators (vulnerability) per species. This leads 
to a prediction that linkage density, generality, and vulnerability should 
increase with latitude.
However, linkage density, generality, and vulnerability also in‐
crease with species richness (Martinez, 1994; Riede et al., 2010). 
Therefore, one needs to address effects of richness on food web 
metrics to make robust inferences about how network structure 
varies with latitude independently from species richness. One can 
control for species richness by analysing residuals of the relation‐
ship between species richness and food web properties (Bengtsson, 
1994; Olesen & Jordano, 2002; Tylianakis, Tscharntke, & Lewis, 
2007). Another approach is to explore the variation of interaction 
richness with species richness using a power‐law, L = bSu, where b is a 
scaling parameter, and u describes the dependence of the number of 
links (L) on the number of species (S) (Cirtwill et al., 2015). A positive 
relationship between the exponent (u) of this power‐law relationship 
and latitude would indicate that species in the tropics gain fewer 
links per species (i.e., are more specialist) compared to their high‐lat‐
itude counterparts (Cirtwill et al., 2015).
Contrary to our prediction of narrower niches in the tropics, 
Cirtwill et al. (2015) found that the scaling exponent for the rela‐
tionship between measures of trophic niche breadth and species 
richness did not change with latitude in most ecosystem types. The 
major exception to this trend was an increasingly strong scaling re‐
lationships for generality towards the poles in lakes and streams. 
Additionally, we did not detect a relationship between latitude and 
the scaling of trophic niche breadth measures with species rich‐
ness in pitcher plant food webs across North America (Supporting 
Information Figure S1).
2.2 | The influence of food webs on the LDG
Several hypotheses for the LDG invoke trophic interactions. Stronger 
predation pressure in the tropics has been asserted to increase di‐
versity through keystone effects (Paine, 1966), create negative 
density‐dependence (Connell, 1971; Janzen, 1970), accelerate diver‐
sification rates (Dobzhansky, 1950; Mittelbach et al., 2007) and pro‐
mote greater regional diversity (Freestone, Osman, Ruiz, & Torchin, 
F I G U R E  1   Mean food chain length 
(FCL; measured as mean food chain 
length, averaged over all species) for 
estuary, lake, marine, stream, terrestrial, 
and pitcher plant (Sarracenia purpurea). 
Pitcher plant food web data are from 
Baiser et al. (2012). All other data are 
from Cirtwill et al. (2015). Contrary to our 
prediction, mean FCL in lake food webs 
increases with latitude (slope = 0.02, 
R2 = 0.07. p‐value = 0.05) while FCL 
decreases with latitude in pitcher plant 
food webs (slope = −0.002, R2 = 0.02. p‐
value = 0.01) [Colour figure can be viewed 
at wileyonlinelibrary.com]
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2011) – each with consequences for food web properties. Predation 
pressure may also cause systematic latitudinal variation in the pro‐
portion of basal prey, intermediate taxa and top predators in food 
webs. Keystone predation may, for example, increase lower‐trophic‐
level diversity, which in turn would raise the proportion of interme‐
diate and basal species (i.e., species that are consumed) in food webs. 
Similarly, an increase in diversification rates due to predation pres‐
sure could provide the opportunity for both prey and predators to 
increase in richness in the tropics, thus we would expect proportions 
of each trophic level to increase concomitantly.
3  | BERGMANN' S RULE
Bergmann's rule (Bergmann, 1847) theorizes that species inhabit‐
ing regions with lower temperatures (i.e., high latitudes) have larger 
body sizes than species inhabiting regions with high temperatures 
(i.e., low latitudes). The lower surface‐area‐to‐volume ratio in large 
animals was hypothesized to be an adaptation to colder climates. 
Other potential mechanisms for Bergmann's rule include latitudinal 
differences in primary productivity (Geist, 1987; Rosenzweig, 1968) 
and lower environmental predictability at higher latitudes (Meiri & 
Dayan, 2003). Debate is still on‐going about the taxonomic level at 
which Bergmann's rule applies (interspecific versus intraspecific). 
The strongest evidence for Bergmann's rule comes from mammals 
(Ashton, Tracy, & Queiroz, 2000; Blackburn & Hawkins, 2004; Meiri 
& Dayan, 2003) and birds (Ashton, 2002; Blackburn & Gaston, 1996; 
Meiri & Dayan, 2003, but see Riemer, Guralnick, & White, 2018), but 
it has been observed in other taxonomic groups (e.g., fish – Rypel, 
2014; amphibians – Olalla‐Tárraga & Rodríguez, 2007; and insects – 
Zeuss, Brunzel, & Brandl, 2017).
3.1 | The influence of Bergmann's rule on food webs
Temperature‐based variation in inter‐ and intraspecific body size de‐
scribed by Bergmann's rule has important implications for food webs. 
Body size plays a strong role in determining who eats whom within 
a food web (Beckerman, Petchey, & Warren, 2006; Gravel, Poisot, 
Albouy, Velez, & Mouillot, 2013; Williams & Martinez, 2000), inter‐
action strengths (Berlow et al., 2009), food web structure (Petchey, 
Beckerman, Riede, & Warren, 2008), and the consequences of spe‐
cies losses (Brose et al., 2016).
The probability of a trophic interaction occurring between two 
species is dependent on the probability they encounter each other 
and that their traits enable a predator–prey relationship (Pawar, Dell, 
& Savage, 2012; Poisot, Stouffer, & Gravel, 2015). Encounter proba‐
bility may be neutral in that high abundances of two species increases 
encounter probability and low abundances of one or both species 
leads to the opposite (Canard et al., 2012). Interactions also involve 
trait matching between the predators and the prey (e.g., predator–
prey biomass ratio; Brose, Jonsson, et al., 2006; Brose, Williams, & 
Martinez, 2006; Yeakel et al., 2014) where traits determine the spe‐
cies' niches (Coux, Rader, Bartomeus, & Tylianakis, 2016). Based on 
encounter probability and trait matching, Bergmann's rule may alter 
network structure by (a) temperature effects on body size altering 
the potential for interaction if body size or a trait highly correlated 
to it (e.g., gape size) primarily determines interaction potential (Brose, 
Jonsson, et al., 2006; Rohr, Scherer, Kehrli, Mazza, & Bersier, 2010) 
and (b) altering encounter probability via the negative relationship of 
body size and population size and the positive relationship of body size 
with range size (Brown, Gillooly, Allen, Savage, & West, 2004; Peters, 
1983) and maximum migration distance (Hein & Gillooly, 2011).
The relevance of Bergmann's rule to food webs of course de‐
pends on which species follow the rule, what their trophic roles are, 
and the extent of size constraints on the occurrence of interactions. 
There are different implications if both predator and prey body 
sizes change with temperature as opposed to just one or the other 
(Figure 2). While some species may vary their size by 100% within 
their range (e.g., Huston & Wolverton, 2011), others will not vary at 
all. The variation among which and how many species within a food 
web will follow Bergmann's rule may obscure general predictions for 
how food web structure responds to the rule.
3.2 | The influence of food webs on Bergmann's rule
Trophic interactions may be an alternative to temperature‐based en‐
ergetic mechanisms responsible for Bergmann's rule. For example, 
food availability regulated by net primary production (NPP; Huston & 
Wolverton, 2011) and resource availability in general (McNab, 2010) 
have been put forth as mechanisms driving Bergmann's rule. Also, 
more intense predation at lower latitudes may cause prey body sizes to 
be smaller in ectotherms (Angilletta, Niewiarowski, Dunham, Leaché, & 
Porter, 2004; Manyak‐Davis, Bell, & Sotka, 2013). Conversely, the ex‐
pression of Bergmann's rule may be subverted if predation acts as a se‐
lective pressure that is inverse to energetic‐based selective pressures 
– providing a plausible explanation for instances when Bergmann's rule 
is not observed (e.g., Riemer et al., 2018). Overall, when predation acts 
as a stronger filter on body size than temperature, we expect to find 
variation beyond that characterized by Bergmann's rule. The inclusion 
of trophic data (e.g., trophic level or guild) as a covariate with tempera‐
ture should help elucidate such deviations.
4  | ISL AND RULE
Islands provide us with some of the most dramatic examples of eco‐
logical and evolutionary phenomena including adaptive radiations 
(Gavrilets & Losos, 2009), community assembly (Thornton, 1997), 
species invasions (Sax & Gaines, 2003) and catastrophic extinc‐
tions (Olson & James, 1982). The island rule emerged from the eco‐
geographical study of insular biotas (Foster, 1964; Van Valen, 1973). 
Specifically, the island rule codifies the observation that small verte‐
brates increase in body size over generations, while large vertebrates 
decrease, relative to mainland conspecifics or ancestors. The island 
rule was originally postulated for mammals (Foster, 1964; Heaney, 
1978; Lomolino, 1985; Van Valen, 1973), but support for the island 
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rule has also been found for birds (Cassey & Blackburn, 2004; Clegg 
& Owens, 2002; Mathys & Lockwood, 2009) and snakes (Boback & 
Guyer, 2003), but support was not found for turtles (Itescu, Karraker, 
Raia, Pritchard, & Meiri, 2014).
4.1 | The influence of the island rule on food webs
Changes in body size associated with the island rule have similar im‐
plications for food web structure as Bergmann's rule (see Bergmann's 
rule section above). Under the island rule, however, variance in the 
distribution of body sizes is reduced as species converge toward 
the same body size for a given island. This contrasts with changes 
to the mean body mass under Bergmann's rule. A given predator 
might lose prey species when it gets smaller and its prey gets larger 
(Figure 3a). On the other hand, changes in body size due to the island 
rule may bring new species into the feeding niche of a given predator 
(Figure 3b). Which scenario occurs will depend on the distribution 
of body sizes on the mainland, the extent of body‐size changes on 
islands, and the widths of predators' feeding niches.
The importance of body size to prey selection, food web struc‐
ture, and dynamics suggests that the island rule likely has dramatic 
effects on island food webs. Island biogeography theory holds that 
island food webs have fewer species than mainland food webs due 
to the decrease in both the area and the distance that species must 
travel to colonize islands (MacArthur & Wilson, 1967). While the 
original theory does not include trophic interactions, including such 
interactions has improved the fit of island biogeography models 
to empirical data and diversified predictions (Cirtwill & Stouffer, 
2015; Gravel, Massol, Canard, Mouillot, & Mouquet, 2011; Jacquet, 
Mouillot, Kulbicki, & Gravel, 2017). Further incorporating changes 
in body size observed under the island rule may continue such im‐
provements by more precisely predicting extinctions or the estab‐
lishment of species in island ecosystems.
Predictions for the island rule are complicated (Figure 3) by the 
variation in size distribution of organisms initially colonizing an is‐
land. Empirical data on comparable mainland and island food webs 
are needed to further explore the influence of the island rule on food 
web structure. One possible system is the Bahamian island food 
webs of Schoener et al. (e.g., 2016), which could be paired with main‐
land food webs in Florida, USA.
4.2 | The influence of food webs on the island rule
The generality of the island rule may be limited (Lokatis & Jeschke, 
2018). For example, Lomolino, Sax, Palombo, and Geer (2012) con‐
cluded that the change in body size following an ecological release 
from mammalian predators and competitors is context dependent. 
Food web structure may hold information on which types of webs are 
likely to experience changes in accordance with the island rule and 
which are not. Food webs with few trophically similar species (i.e., 
low maximum trophic similarity) can facilitate changes in body size on 
islands due to competitive release (Lomolino et al., 2012). Similarly, 
food webs with few consumers (i.e., low vulnerability) may promote 
change in body size due to predation release. Another important 
F I G U R E  2   Schematic diagram of Bergmann's rule. The orange circle depicts the predator and the niche of the predator (i.e., size of 
prey it can eat, sensu the niche model; Williams & Martinez, 2000) is the tan box. Blue circles represent potential prey items. (A) The 
high temperature (low latitude) case where the predator (i.e., the orange circle) has two prey species that fall within its niche. Each of the 
following scenarios (B–D) are compared to the high temperature baseline (A). (B) A low temperature (high latitude) scenario where all species' 
body sizes increase according to Bergmann's rule. In this case, the prey species remain the same for the predator. (C) A scenario where only 
the predator's body size increases. As a result, one prey species is no longer in the predator's feeding niche. (D) The case where only the prey 
species increase in body size, which results in the loss of a prey species for the predator [Colour figure can be viewed at wileyonlinelibrary.
com]
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factor identified in body size changes on islands are marine subsidies, 
which increase body size (Lomolino et al., 2012). Further incorporat‐
ing marine subsidies through food web models that include biomass 
dynamics (e.g., Delmas, Brose, Gravel, Stouffer, & Poisot, 2017) may 
help to understand and predict the strength of the island rule.
5  | R APOPORT' S RULE
Rapoport's rule describes the increase in range size with latitude 
(Stevens, 1989) and was later extended to include a positive rela‐
tionship between altitude and range size (Stevens, 1992). Rapoport's 
rule has received mixed support for birds (Blackburn & Gaston, 1996; 
Gaston & Blackburn, 1996), fish (Rohde, Heap, & Heap, 1993), mam‐
mals (Pagel, May, & Collie, 1991; Smith, May, & Harvey, 1994) and in‐
vertebrates (France, 1992; Roy, Jablonski, & Valentine, 1994), which 
has led some to suggest that it should be designated as Rapoport's 
“effect” (Blackburn & Gaston, 1996). While the generality of this rule 
has been challenged, recent evidence suggest that Rapoport's rule at 
least holds at higher latitudes in the Northern Hemisphere (Gaston, 
Blackburn, & Spicer, 1998; Ruggiero & Werenkraut, 2007; Whitton, 
Purvis, Orme, & Olalla‐Tárraga, 2012).
Stevens' (1989) initial hypothesis for Rapoport's rule suggests 
that more variable climate at high latitudes results in broader 
physiological tolerances allowing species to inhabit larger ranges. 
Another hypothesis is that species with narrow tolerance are more 
likely to go extinct at high latitude due to glaciation and climate 
change, thus leaving behind species with large ranges (Brown, 
1995; Kolasa, Hewitt, & Drake, 1998). Lower levels of competition 
due to lower species richness in temperate regions has also been 
proposed as an explanation for Rapoport's rule (Stevens, 1996), 
thus linking Rapoport's rule with the LDG.
5.1 | The influence of Rapoport's rule on food webs
Rapoport's rule has implications for the turnover of food web structure 
over the latitudinal gradient (Baiser et al., 2012; Poisot, Canard, Mouillot, 
Mouquet, & Gravel, 2012). Turnover in food web structure – quantified 
in terms of β‐diversity – arises from spatial variation in species composi‐
tion and variation in pairwise interactions (Poisot et al., 2012). Species 
common between two webs can differ in their interactions (i.e., rewiring) 
or, alternatively, two webs can share few to no species and changes in 
network structure can be solely the result of species turnover.
At low latitudes, we expect high species turnover and little to no in‐
teraction turnover as species replacement predominantly drives net‐
work β‐diversity due to the small ranges of species in the tropics as 
predicted by Rapoport's rule and others (Ghalambor, Huey, Martin, 
Tewksbury, & Wang, 2006; Janzen, 1967). On the other hand, high 
latitude food webs should show low species turnover and high interac‐
tion turnover due to large ranges of species. We predict that high lat‐
itude webs will have  greater interaction turnover as compared to those 
at low latitudes due to the fact that species with large ranges are 
more likely to experience habitat heterogeneity across their range 
(Rosenzweig, 1995). Habitat heterogeneity implies the potential for 
changes in abundance or influx of prey (e.g., Fahimipour & Anderson, 
2015; Steenhof & Kochert, 1988), new prey species or competitors 
(Araújo et al., 2008; Werner & Hal, 1976), and varying environmen‐
tal conditions (Griffen & Byers, 2006). All of these factors can lead 
to prey switching, making pairwise interaction turnover more likely 
across large, more heterogeneous ranges observed at high latitudes.
Our empirical pitcher plant data only allow network dissimilarity to 
arise from the spatial variation in species composition and not the varia‐
tion in pairwise interactions among shared species due to the metaweb 
approach used to construct the web (i.e., if two species are known to in‐
teract, they are assumed to interact whenever they co‐occur: see Baiser 
F I G U R E  3   Schematic diagram of how 
the island rule can affect food webs. The 
predator is the orange circle and its body 
size foraging niche is indicated by the tan 
box. Blue circles represent potential prey 
items. (A) In this scenario, the predator 
loses all its feeding interactions as the 
increase in prey size coinciding with the 
decrease in predator size moves all prey 
species out of the predator's feeding 
niche. (B) A predator can also gain prey 
species as a result of body size changes 
due to the island rule. In this case, both 
the increase and decrease in body size 
of potential prey items and the decrease 
in size of the predator bring new species 
into the predator's foraging niche [Colour 
figure can be viewed at wileyonlinelibrary.
com]
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et al., 2012). As a result, we only test the hypothesis that dissimilarity in 
network structure due to species turnover is greater at lower latitudes. We 
find a significant negative relationship between network turnover and 
latitude (Figure 4) revealing that the structure of food webs is more vari‐
able as a function of species turnover at lower latitudes. It is unclear if 
Rapoport's rule plays a part in this observation because ranges for the 
majority of the species in these food webs are unknown.
5.2 | The influence of food webs on Rapoport's rule
Rapoport's rule is conceptually tied to the LDG in that narrower 
niche breadths are expected to lead to both smaller range sizes and 
greater species niches in the tropics (Stevens, 1989). While climate 
niches leading to smaller distributions in the tropics is the focus of 
Rapoport's rule, trophic niches may also play a part. Simply put, if a 
consumer's prey have larger ranges, then that consumer may also 
have a larger range. Climatic niches may work in tandem with trophic 
niches. For example, if a species has a narrow climatic niche and sub‐
sequent range, it may specialize on prey items in that range. As a 
result, even if the species could disperse to a new area with a similar 
climatic niche, it may not be able to establish without its specialized 
prey (Holt, Lawton, Polis, & Martinez, 1999). Conversely, species 
with broader trophic niches are more likely to find suitable prey as 
their range expands. While this is clearly speculative, exploring how 
trophic interactions can extend (or constrain) climate‐based funda‐
mental niches using species distribution models (Wisz et al., 2013) 
may lend insight into the role that food web interactions play in driv‐
ing Rapoport's rule.
6  | DISCUSSION
In order to understand how entire food webs change over large‐scale 
gradients, we need to know how the diversity, identity and traits of 
their constituent species change. Observations of macroecological 
patterns are a first step, as ecogeographical rules provide insight into 
how species' characteristics such as body size, range size, and com‐
munity properties such as species richness change over large spatial 
scales. While we were able to derive testable predictions for some of 
the ecogeographical rules (LDG, Rapoport's rule), others (Bergmann's 
and island rules) have less clear implications for the variation in food 
web structure over macroecological scales (Table 2). Empirical tests 
of heuristic predictions are essential to advance this research agenda. 
Towards that end, we highlight the following ecosystems and ap‐
proaches for studying the macroecology of food web networks.
6.1 | Potential systems for studying the 
macroecology of food webs
Due to their scale and extent, the sampling effort needed to gather 
enough data to validate and calibrate models of food webs across 
macroecological scales is substantial. Several types of ecosystems are 
predisposed to integrating macroecology and food web ecology due to 
their tractability, distributions and existing natural history knowledge. 
Natural microcosms or “container” habitats (such as pitcher plants, 
bromeliad tanks, tree holes) are examples of tractable systems (Baiser 
et al., 2012; Kitching, 2000; Srivastava et al., 2004). Lakes (Morlon, 
Kefi, & Martinez, 2014; Tunney et al., 2012) and islands (Rominger et 
al., 2016) including “sky islands” also provide bounded tractable sys‐
tems albeit less tractable than container habitats. Intertidal communi‐
ties are a relatively well‐studied, broadly distributed system of taxa 
(Pielou, 1977) with extensive knowledge on trophic ecology where 
important factors such as body size and abundance can be readily 
measured and manipulated in the field over tractable time‐scales (e.g., 
Novak & Wootton, 2008). One alternative approach to collecting field 
data is to use synthetic datasets (Poisot et al., 2016) that are assem‐
bled by merging data from varied sources (e.g., climatic data, species 
occurrences, taxonomy, traits, and interactions), through a reproduc‐
ible pipeline, into a single cohesive dataset, with fixed taxonomic and 
spatial limits. Finally, well‐known collections of food webs (Briand & 
Cohen, 1984; Dunne, Williams, & Martinez, 2004; Martinez, 1994; 
Riede et al., 2010; Vermaat et al., 2009) are also useful for studying 
the macroecology of food web networks.
6.2 | Potential approaches for studying the 
macroecology of food webs
Collecting food web data at large biogeographical scales necessi‐
tates more tractable, alternative approaches that answer specific 
F I G U R E  4   Network dissimilarity due to species turnover (βST; 
Poisot et al., 2012) across latitude for pitcher plant food webs. 
βST ranges from zero in which all species and interactions are 
shared between two food webs and one where no species (and no 
interactions) are shared. Each point on the graph represents the 
average βST from 20 pitchers at the given latitude. As we predicted, 
based on Rapoport's rule, βST shows an inverse relationship with 
latitude (slope = −0.002, R2 = 0.12. p‐value = 0.03). However, we 
cannot conclude that Rapoport's rule is driving this pattern because 
ranges for the majority of the species in these food webs are 
unknown [Colour figure can be viewed at wileyonlinelibrary.com]
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macroecological questions related to food webs. For example, to 
test the relationship between latitude and FCL, stable isotopes can 
be utilized (e.g., Vander Zanden & Fetzer, 2007) obviating the need 
to measure every trophic interaction across a set of food webs. 
In a similar vein, stable isotope analysis (Jackson, Inger, Parnell, 
& Bearhop, 2011) and DNA barcoding of gut contents or faeces 
(Kartzinel et al., 2015) can provide estimates of diet breadth testing 
the long‐held hypothesis that niches are narrower at lower latitudes. 
For exploring the role of Bergmann's and the island rule on food 
webs, comparisons of predator–prey biomass ratios can provide 
a feasible approach. Further, such comparisons of predator–prey 
biomass ratios along temperature/latitudinal gradients or between 
islands and mainlands can lead to insights on the stability and struc‐
ture of food webs (Brose, 2010; Brose, Jonsson, et al., 2006; Brose, 
Williams, & Martinez, 2006). This approach can be facilitated by 
global databases of predator–prey interactions and body sizes (e.g., 
Barnes et al., 2008, Brose et al., 2005; Poelen, Simons, & Mungall, 
2014).
While detailing every trophic interaction in a food web is clearly 
challenging, sampling food webs across broad geographical scales 
at relevant time‐scales is even more prohibitive. One possible ap‐
proach is to test different mechanisms hypothesized to drive mac‐
roecological relationships independent of geography and then apply 
results to geographical extents. For example, if productivity is hy‐
pothesized to drive FCL, exploring food webs within the same re‐
gion that vary in productivity can specifically test this hypothesis 
(e.g., Vander Zanden, Shuter, Lester, & Rasmussen, 1999; Ziegler, 
Solomon, Finney, & Gregory‐Eaves, 2015) independent of geograph‐
ical and historical contingencies (Kolasa et al., 1998). The next step in 
this approach is to extend results across biogeographical regions to 
see if productivity is the key driver to FCL or if other biogeographical 
factors exert control over macroecological scales.
6.3 | What can food webs tell us about 
ecogeographical rules?
Two recurring themes in the literature on ecogeographical rules 
are that (a) mechanisms remain elusive and (b) there are deviations 
(sometimes large) from predictions. Studies of ecogeographical 
rules often focus on specific taxonomic groups or guilds and do not 
consider the food webs in which they are embedded. Considering 
trophic interactions as a selection pressure that can drive or disrupt 
ecogeographical rules has the potential to address both mechanisms 
of and deviations from these long‐studied patterns.
7  | CONCLUSION
Several areas of research are critical to advancing our understanding 
of the macroecology of food webs. First and foremost is the collec‐
tion of food web data across biogeographical gradients. We have 
suggested several model systems and approaches for testing the 
generality of patterns and hypotheses.
Second, the macroecology of food webs goes beyond tradi‐
tional approaches because it not only describes the state of the 
system, but also opens the door to exploring food web dynamics 
at macroecological scales. An integrated exploration of ecogeo‐
graphical rules and dynamics through mathematical modelling, 
empirical data and statistical models (e.g., Boit et al., 2012), and 
novel network analyses (Allesina et al., 2015) will elucidate how 
macroecological processes influence food web dynamics. Third, 
considering the macroecology of food webs within the context of 
global change will provide insight into what future food webs will 
look like. As species go extinct or adapt to anthropogenic condi‐
tions in their environment, ecogeographical rules give us an idea 
of how they will respond to these changes (Millien et al., 2006) and 
could even be used to test against known changes to food webs in 
the recent or distant past (Dunne et al., 2014, 2016; Yeakel et al., 
2014). Increasing temperature due to global change, for instance, 
should result in smaller body sizes as suggested by Bergmann's rule 
(Gardner et al., 2011). Furthermore, species within islands of frag‐
mented habitats created by land use change have been observed to 
follow the island rule (Schmidt & Jensen, 2003; Fietz & Weis‐Dootz, 
2012; but see Lomolino & Perault, 2007). These anthropogenically 
induced changes in species can then be integrated with food web 
models to explore and predict changes in species interactions and 
entire food webs subjected to anthropogenic disturbance.
The relevance of ecogeographical rules to food webs does not 
end with the examples and rules we present here. As large‐scale 
ecological and evolutionary phenomena found in macroecology 
have implications for species interactions – and hence network 
structure and dynamics – there is much insight to be gained in 
further studying these relationships in the context of ecological 
networks. Additionally, macroecological relationships do not exist 
in isolation, but interact in complex ways (Gaston, Chown, & Evans, 
2008; Lomolino et al., 2006) that will likely influence food webs. 
Further testing the predictions and implementing the approaches 
we detailed here (Table 2) provide a pathway for integrating mac‐
roecology and food webs to better understand the assembly, main‐
tenance and change of ecosystems in the near and distant future.
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